An extendable prosthesis for implantation in a human leg has been developed. The friction forces during extension of the prosthesis must be low, so a coating of Teflon-S was applied to the sliding surfaces. During walking, damage can occur as a result of oscillatory relative motion. Therefore experiments were performed with an apparatus which simulated this type of motion. It was found that the coefficient of friction reached a maximum value within one million movement cycles. This maximum value of the coefficient of friction increased with decreasing coating thickness. Even at an initial coating thickness of less than 1 ~m, coating with Teflon-S was found to be very effective in reducing friction.
Introduction
A bone tumour may develop around the knee joint of a child. In most cases it will then be necessary to resect the bone involved including the growth plates, knee joint and adjacent tissue. A joint team from the Gr6ningen University Hospital and the University of Twente has developed a modular endoprosthetic system to bridge the defect resulting from the resection. Since the other, normal leg continues to grow, the endoprosthetic system includes a prosthesis, the length of which can be adjusted without an operation. It is to be expected that after one or two months ~r lengthening of 2 mm must be performed.I. 2
The extendable prosthesis is telescopic, consisting of two tubes, with one sliding into the other (Fig 1) . Relative rotation is prevented by making the tubes polygonal in shape. The extendable prosthesis is activated by an external rotating magnetic field causing rotation of a small permanent magnet in the prosthesis. The magnet drives a motion screw via a gearbox. The motion screw rotates in the outer tube and forces the two telescopic tubes apart. In order to shield the extendable prosthesis from moisture a bellows, made of silicone rubber, is glued to the prosthesis. The tubes and motion screw are made from Ti-6AI-4V, one of the few alloys suitable for implantation. It is strong and is easy to machine. The drawback of having two adjacent Ti-6AI-4V surfaces is that such contacts usually suffer from high friction and severe adhesive material transfer. To decrease the friction losses in the prosthesis, caused by the rotating motion screw and
Fig 1 Extendable prosthesis (without bellows) (a) before extension and (b) after full extension
the sliding telescopic tubes, both the outer tube and the motion screw were coated with Teflon-S (Fig 2) .
During walking both the motion screw and the telescopic tubes will be subjected to variable forces and, probably, small relative movements which may damage the coating. The load on the coated surface can lead to a pressure upto 100 MPa. The maximum amplitude of the movement cycle is of the order of 
Experimental details

Specimen shape and initial pressures
In the screw, contact between nominally flat surfaces occurs. As it is virtually impossible to ensure full conformity between two flat surfaces (in practice as well as in the laboratory), a sphere in contact with a flat surface was chosen for the experiments. In such a contact application of a normal force F, will cause elastic deformation, with an initial maximum pressure Pmax as determined by the well-known Hertzian equations.
Given values of Pmax, the radius R of the sphere that is to be applied relates to normal force F, as 4
in which E is given by E -2E1E:
TRIBOLOGY INTERNATIONAL E1 and E2 are the elastic moduli and v~ and v2 the Poisson constants of the contacting surfaces 1 and 2, respectively. In the present case the sphere is made from uncoated titanium alloy, while the flat surface is coated with Teflon-S. As the coatings are thin (maximum 20 Ixm) and probably become even thinner upon the application of normal force, it is assumed that they do not contribute significantly to load carrying capacity. Thus in this case we take E1 = E2 = ETi_alloy = 115 GPa and vl = v2 = 0.3.
As stated above the apparent contact pressure p in the tube amounts to approximately 100 MPa. As the system should also function adequately if misalignment and, thus, a higher contact pressure occurs, a contact pressure three times higher (Pmax = 300 MPa) was chosen in the present experiments. Taking Fn = 7 N, a convenient value from an experimental point of view, Eq 1 yields an R value of 13 mm. This value was applied in all experiments.
Apparatus
The experiments were performed with a newly constructed apparatus, shown (schematically) in Figs 3 and 4. A particular advantage of this apparatus is that the electro-magnetic excitation of the driving rod causes a minimum of mechanical distortions, which might influence the measurement signals. A disadvantage is that during an experiment the amplitude of the movement tends to decrease, because of increasing friction. Thus it has to be adjusted regularly during an experiment (allowing a decrease in amplitude of maximum 5% of the initial value). The experiments were performed with an amplitude of 50 Ixm and frequencies of 10 s-~ or 20 s -l, chosen arbitrarily. The environment of the sliding surfaces in the prosthesis will be dry or wet (condensed water film were coated with Teflon-S in three thickness ranges: less than 1 ~m (specimen 2); 1 to 3 ~m (specimen 4); 17 to 28 ~m (specimen 6). The differences in surface roughness of the coated surfaces depend on the surface roughness of the titanium surface, prior to coating, and on the thickness of the coating. In general a relatively thick coating tends to mask an initially high surface roughness.
In total nine experiments were performed. A spherical specimen was used three times, without changing its position in the specimen holder. Each spot on the coated counter-surface was used only once. Thus each coated specimen supplied three contact spots (Fig 5) . The number of movement cycles between two screw settings is to be around 106. In experiments A to C (see Table 2 ) the total amount of cycles was set at 1.7 × 106 (frequency fr = 20 s -~) and in experiments D to I at 1.05 x 106 (frequency fr 10s-~). This corresponds to an experiment duration of 24 and 29 h respectively.
Results
Numerical results, expressed in terms of start value of the coefficient of friction f (f,=o) and maximum value off (fma×) are given in Table 2 20s 1 and 10s -1 respectively. in Table 1 . The third number refers to the spot on the coated coating (Fig 6) the Ffr-n tracing is irregular, with friction force, Ffr reaching a maximum value at n = 0.8 )<106. On the other hand, the Ffr-n tracing obtained with the relatively thick coating (Fig 7) is relatively regular and Ffr attains a maximum value at n = 0.25 × 106. Obviously this difference indicates that the thicker coating is most effective at reducing friction. • Regarding reduction in friction, coating with Teflon-S is extremely beneficial, even in cases where the initial coating thickness is less than 1 ~m.
• Irrespective of the initial coating thickness, initial friction increases with the number of cycles.
• Irrespective of the initial coating thickness, repeated use of a single contact spot on the (uncoated) surface ofthe sphere leads to an increase of friction at the end of the experiment.
• The maximum value of friction tends to increase with decreasing coating thickness, particularly in the experiments with small coating thicknesses.
TRIBOLOGY INTERNATIONAL
Quantitative wear measurements were not performed. However, surface profile measurements, performed after experiment H (Figs 8 and 9 ), reveal that contact with the sphere leads to reduction in coating thickness. Microscopic observation of the contact areas on the coated surfaces after termination of the experiments revealed that in all cases one or more small spots of titanium alloy could be seen. It is likely that a very thin layer of coating material remained attached to the titanium alloy substrate. This is in line with the observations that even a coating with an initial thickness 
Conclusions
It is concluded that Teflon-S coatings effectively reduce friction in Ti-6AI-4V pairs, to be used on the screw and in the polygonal-shaped tube of an extendable prosthesis. The initial layer thickness of the coating affects the coefficient of friction, and in view of its behaviour in time, it is advisable to apply coatings of at least 20 ~m initial thickness.
